Disruption of cellular acid-base status alters the host defence functions of alveolar macrophages (mϕ). These pH effects might be mediated by pH-sensitive changes in the signalling pathways of the effector functions of mϕ. The present study examined the effects of intracellular pH (pH i ) on the free cytosolic calcium concentration ( 
INTRODUCTION
Resident alveolar macrophages (mϕ) function to maintain the sterility of lung-lining fluid, the air-facing surface of the respiratory tract [1, 2] . Lung-lining fluid represents a dynamic microenvironment that is effectively in constant contact with the external environment. The acidbase status of lung-lining fluid is unclear and the mechanisms that control the pH of this microenvironment are not yet fully understood. Nonetheless, the pH of lung-lining fluid is probably sensitive to inhalation of acidic/alkaline gases, aerosols or particulates, aspiration of acids/bases and changes in gas-phase partial pressure of CO 2 ('Pco 2 '; i.e. hypo-or hyper-ventilation).
The function of alveolar mϕ and other leucocytes is sensitive to cell acid-base status, including the extracellular pH (pH o ) [3] . Leucocyte effector functions are selectively affected by pH. Acidification, for example, enhances leucocyte spreading, adherence and the production of nitric oxide, but suppresses phagocytosis, intraphagosomal killing of microbes and the generation of reactive oxygen species [4] [5] [6] . One possible explanation for this myriad of effects is that intracellular pH (pH i ) influences the signalling pathways of leucocyte host defence functions.
Cytosolic Ca 2+ serves as an important second messenger and is involved in the regulation of a multitude of cellular processes [7, 8] . Changes in the free cytosolic Ca 2+ concentration ([Ca 2+ ] i ) are involved in the activation of leucocyte host defence functions [9, 10] . Moreover, exuberant changes in [Ca 2+ ] i may be the cause of leucocyte hyperactivation during inflammation [11] . [ [12] [13] [14] . Na + /Ca 2+ exchange can be inhibited during either acidification or alkalinization [15, 16] . Alkalinization inhibits both plasma membrane and endomembrane forms of Ca 2+ -ATPase, albeit the endomembrane pump is relatively more sensitive than the plasma-membrane pump [17, 18] . In addition, pH can influence the affinity of Ca 2+ -binding proteins for Ca 2+ [19] , with consequent effects on the [Ca 2+ ] i [20] . It follows that pH-induced changes in [Ca 2+ ] i might play a role in mediating the effects of pH i on leucocyte host defence functions. The effects of cell acid-base status on the cytosolic Ca 2+ homoeostasis of alveolar mϕ are unclear. The present study has determined the effects of pH challenges (both acidic and alkaline) on [Ca 2+ ] i of resident alveolar mϕ from rabbits. The cells were subjected to acidic challenges by incubation at low pH o values (< 7.4), inhibition of basal plasma-membrane H + extrusion at pH o 7.4 or treatment with a weak acid (propionic acid) at pH o 7.4. Cells were subjected to alkaline challenges by incubation at high pH o values (> 7.4) or treatment with a weak base (ammonia) at pH o 7.4.
MATERIALS AND METHODS

Chemicals and solutions
Hepes was purchased from Research Organics (Cleveland, OH, U.S.A.). The pH-sensitive fluorescent probe 2 ,7 -bis-(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) and the Ca 2+ -sensitive probe fura 2 were purchased from Molecular Probes (Eugene, OR, U.S.A.). All other chemicals and reagents were purchased from Sigma (St. Louis, MO, U.S.A.).
The bronchoalveolar lavage solution contained 127 mM NaCl, 5 mM KCl, 9 mM Na 2 
Isolation and culture of alveolar mϕ
Resident alveolar mϕ were obtained by bronchoalveolar lavage of male New Zealand white rabbits (body mass 2.0-2.5 kg), as described previously [21, 22] , and as approved by the Institutional Animal Care and Use Committee. Briefly, each rabbit was anaesthetized with sodium pentobarbital (100 mg/kg, intravenously), the chest was opened, the lungs were visualized, and the animal was exsanguinated by transection of the abdominal artery. A tracheostomy was done and the lungs were lavaged 12 times with 60 ml aliquots of lavage solution. Cells [(20-60) × 10 6 ] in the recovered lavage solution were pelleted (250 g, 10 min, 4
• C), washed twice with PSS (pH 7.4) and finally resuspended in PSS (pH 7.4) at a density of (2 -3)×10 6 cells/ml. The final suspension contained > 90 % viable cells (assessed by Trypan Blue exclusion), of which > 95 % were identified as mϕ by use of Papanicolaou and Giemsa stains and positive staining for non-specific esterase activity.
Three different protocols were employed to induce cytosolic acid-base disturbances. The first protocol involved transfer of the cells from control PSS (pH 7.4) to PSS with pH values ranging from 6.8-8.2. Preliminary studies showed that an incubation period of 15 min was sufficient for pH i and [Ca 2+ ] i to re-establish steady-state conditions following these changes in pH o . The second protocol involved cell treatment (pH o 7.4) with 1 µM bafilomycin A 1 , an inhibitor of vacuolartype H + -translocating ATPase (V-ATPase). Plasmamembrane V-ATPase is the principle mechanism for extrusion of metabolically generated H + in alveolar mϕ and a primary determinant of steady-state pH i [21, 22] . The third protocol involved cell treatment (pH o 7.4) with a weak acid (20 mM sodium propionate, equimolar replacement of NaCl in PSS) or weak base (20 mM NH 4 Cl, equimolar replacement of NaCl in PSS). None of the acid-base challenges altered cell viability, as assessed by Trypan Blue exclusion.
Determination of [Ca
Cytosolic Ca 2+ was monitored using fura 2 [23] . Cells were loaded with the Ca 2+ probe by incubation with the acetoxymethyl ester form of fura 2 (4 µM in PSS, pH o 7.4) for 40 min at 24
• C. The fluorescence intensities of fura 2-loaded cell suspensions (3 × 10 6 cells/ml) were monitored at 37
• C using excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm (F-2500 spectrofluorometer; Hitachi Instruments Inc., San Jose, CA, U.S.A.). [Ca 2+ ] i was calculated by the method of Grynkiewicz et al. [23] .
Determination of pH i
Cytosolic pH was measured using BCECF, as described previously [21, 22] . Cells were incubated with the acetoxymethyl ester form of BCECF (5 µM in PSS, pH o 7.4) for 30 min at 21
• C. The fluorescence intensities of BCECF-loaded cell suspensions (2 × 10 6 cells/ml) were monitored at 37
• C using excitation wavelengths of 504 nm (peak fluorescence) and 435 nm (isosbestic point) and an emission wavelength of 537 nm. The fluorescence intensity ratio (peak fluorescence/isosbestic point) was calibrated to pH i using the standard nigericin-elevated [K + ] technique [21, 22] . 
Data analysis and presentation
The data are presented as means + − S.EM. Statistical treatment of the data included one-way ANOVA, Dunnett's multiple group comparison test and Student's t test, as appropriate. A P value of 0.05 was considered statistically significant.
RESULTS
Effects of cytosolic acidosis
The steady-state pH i of alveolar mϕ in normal PSS at pH o 7.4 (control cells) was 7.14 + − 0.05 (n = 20). [Ca 2+ ] i of control mϕ was 123 + − 8 nM (n = 13). Steady-state pH i varied directly with pH o (Figure 1 ) and fell by approx. 0.15 unit when pH o was lowered to 6.8 (15-20-min incubation). However, the low pH o (and accompanying decline in pH i ) had no effect on the [Ca 2+ ] i ( Figure 1 Figure 2 ). The resultant acidosis had no effect on the [Ca 2+ ] i ( Figure 2 ). Experiments also were conducted to investigate the effects of a weak acid challenge at a Addition of sodium propionate caused a rapid fall in pH i , followed by recovery of pH i towards the original baseline value. [Ca 2+ ] i was effectively unchanged throughout the acid-loading and pH i recovery periods.
constant pH o (pH 7.4). In these experiments, cells were acid-loaded by exposure to 20 mM sodium propionate. Cell exposure to sodium propionate caused the pH i to fall rapidly to a nadir value of 6.93 + − 0.01 (n = 3; Figure 3) . The pH i then recovered towards the original baseline value with an exponential time course. [Ca 2+ ] i remained effectively constant throughout the acidloading and pH i recovery periods (Figure 3) . Figure 5B ). In the absence of extracellular Ca 2+ , NH 4 Cl caused [Ca 2+ ] i to increase to only 138 + − 2 % (n = 4) of the paired baseline value (compared with 172 + − 4 % in Ca 2+ -replete PSS, see above). These findings suggest that the response to a transient alkalosis was not absolutely dependent on the entry of extracellular Figure 1) . The increments in pH o also caused progressive sustained increases in the steady-state [Ca 2+ ] i (see Figure 1) (Figure 6 ). This finding suggests that the Ca 2+ response to sustained alkalosis involved, but did not require, the entry of extracellular Ca 2+ . The magnitude of the Ca 2+ response to pH o -induced alkalosis was unaffected by 25 µM SKF96365 (a blocker of both L-type and receptor-operated Ca 2+ channels) or 10 µM nifedipine (a blocker of L-type Ca 2+ channels; Figure 6 ). These data suggest that the response did not involve L-type or receptor-operated Ca 2+ channels. Preliminary studies indicated that pH i was unaffected by SKF96365 or nifedipine (results not shown).
Effects of cytosolic alkalosis
Furthermore (Figure 4) . The Ca 2+ response to NH 4 Cl was abolished by pretreatment with thapsigargin ( Figure 5A ), indicating that the response was mediated by Ca 2+ release from thapsigargin-sensitive stores. The response to NH 4 Cl was diminished in magnitude in the absence of extracellular Ca 2+ ( Figure 5B ). This is consistent with capacitative Ca 2+ entry, wherein emptying of intracellular Ca 2+ stores leads to increased permeability of the plasma membrane for Ca 2+ [24, 25] . The data in the present study are in good agreement with the results of published studies with other cell types [20, [26] [27] [28] [29] [30] , including experiments utilizing both fura 2 and Ca 2+ -sensitive microelectrodes [31] . The present findings with thapsigargin argue against a role for Ca 2+ (Figure 6 ). The response to pH o 7.8 did not absolutely require the entry of extracellular Ca 2+ , but was smaller in magnitude in Ca 2+ -free PSS ( Figure 6 ). This suggests that entry of extracellular Ca 2+ played a secondary role in the response to high pH o [25] .
Recovery of [Ca 2+ ] i following the release of thapsigargin-sensitive stores is mediated by plasmamembrane Ca 2+ -ATPase [34] . Yet, the plasma-membrane pump is inhibited by cell alkalosis [17, 18] . It follows that protocol-specific differences in the relative inhibition of plasma- . This finding is difficult to interpret, because high concentrations of bafilomycin A 1 can exert non-specific effects on cells, including the inhibition of Ca 2+ -ATPase [35] . Furthermore, independent of effects on pH i , bafilomycin A 1 can cause Ca 2+ release from acidic storage compartments via the collapse of V-ATPase-generated endomembrane pH gradients [36] .
Quantifying the effects of pH on [Ca 2+ ] i is complicated by the pH-sensitivity of the dissociation constant (k D ) of fura 2 [37] and, hence, by possible difficulties in calibrating fluorescence intensity of the probe to the Ca 2+ concentration. To assess the veracity of the conclusions of the present study, multiple protocols were used to alter pH i . These protocols (i.e. changes in pH o , inhibition of plasma-membrane H + extrusion and exposure of mϕ to weak acid/base) produced pH i changes that differed in magnitude and time course. The observed changes in [Ca 2+ ] i did not follow the same time course as the experimentally induced changes in pH i (Figures 3 and  4) . As well, the Ca 2+ responses to changes in pH i were sensitive to agents/protocols (i.e. thapsigargin and incubation of mϕ in Ca 2+ -free PSS; Figures 5 and 6 ) that, in themselves, did not alter the pH i . Overall, it is difficult to explain the results of the present study as simple artefacts of the pH-sensitivity of fura 2.
The experimental protocols for manipulating pH i probably caused protocol-specific changes in cell volume and plasma-membrane potential. It is unlikely that these changes in cell volume or membrane potential were major factors in determining the present results, given the general consistency of the data among the protocols. Nonetheless, the present data are insufficient to distinguish between the primary effects of pH i on Ca 2+ homoeostatic mechanisms and the secondary effects of other pH-sensitive attributes (e.g. cell volume or plasma-membrane potential) on those mechanisms. The present studies examined resting (unstimulated) mϕ in the nominal absence of CO 2 2+ ] i of alveolar mϕ under the present experimental conditions. The pH o of resident alveolar mϕ in situ (i.e. the pH of lung-lining fluid) is uniquely sensitive to environmental conditions. The pH of the lung-lining fluid is expected to be sensitive to the inhalation of acidic/alkaline gases, aerosols or particulates. Moreover, the pH of the lung-lining fluid might be sensitive to hypoor hyper-ventilation (and the consequent changes in gasphase partial pressure of CO 2 ). The present data suggest that disruption of cell acid-base status, specifically alkalosis, can influence Ca 2+ -dependent processes in resident alveolar mϕ.
